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SUMMARY 
The i o n  t h r u s t e r  i s  one of s e v e r a l  forms of space e l e c t r i c  p r o p u l s i o n  
b e i n g  c o n s i d e r e d  for use on  f u t u r e  SP-100-based m i s s i o n s .  One p o s s i b l e  m a j o r  
m i s s i o n  ground r u l e  i s  t h e  use of a s i n g l e  Space S h u t t l e  launch.  Thus, t h e  
mass i n  o r b i t  a t  t h e  r e a c t o r  a c t i v a t i o n  a l t i t u d e  would be l i m i t e d  b y  t h e  Shut-  
t l e  mass c o n s t r a i n t s .  When t h e  s p a c e c r a f t  subsystem masses a r e  s u b t r a c t e d  
from t h i s  " a v a i l a b l e  mass" l i m i t ,  a maximum p r o p e l l a n t  mass may be c a l c u l a t e d .  
v a l u e s  o f  t o t a l  impu lse ,  m i s s i o n  v e l o c i t y  i n c r e m e n t ,  and t h r u s t i n g  t i m e  t o  be 
c a l c u l a t e d .  
(60 t o  70 p e r c e n t )  and s p e c i f i c  impu lse  (3000 t o  5000 s e c ) ,  t h e y  can i m p a r t  
l a r g e  v a l u e s  o f  t o t a l  i m p u l s e  t o  a s p a c e c r a f t .  They a l s o  can be o p e r a t e d  w i t h  
s e p a r a t e  c o n t r o l  o f  t h e  p r o p e l l a n t  flow r a t e  and exhaust  v e l o c i t y .  T h i s  paper  
p r e s e n t s  v a l u e s  o f  demonst ra ted  and p r o j e c t e d  per formance o f  h i g h  power i o n  
t h r u s t e r s  used i n  an a n a l y s i s  o f  e l e c t r i c  p r o p u l s i o n  for an SP-100 based 
m i s s i o n .  






Because i o n  t h r u s t e r s  e a s i l y  o p e r a t e  a t  h i g h  v a l u e s  o f  e f f i c i e n c y  
INTRODUCTION 
H i g h  s p e c i f i c  i m p u l s e  e l e c t r i c  p r o p u l s i o n  i s  a f u e l  e f f i c i e n t  a l t e r n a t i v e  
to  chemica l  p r o p u l s i o n  f o r  many m i s s i o n s  and has been recommended by t h e  
N a t i o n a l  Commission on  Space (NCOS) t o  b u i l d  t h e  2 1 s t  C e n t u r y  B r i d g e  Between 
Worlds t h a t  w i l l  open t h e  S o l a r  System (NCOS 1986).  However, h i g h  s p e c i f i c  
i m p u l s e  e l e c t r i c  p r o p u l s i o n  r e q u i r e s  l a r g e  amounts of e l e c t r i c  power t o  main- 
t a i n  r e a s o n a b l e  t h r u s t i n g  t i m e s .  
e l e c t r i c  power i s  one reason e l e c t r i c  p r o p u l s i o n  i s  n o t  p r e s e n t l y  used for 
e n e r g e t i c  m i s s i o n s .  B u t  t h e  r e a l i t y  o f  t h e  SP-100 space n u c l e a r  power system 
g i v e s  m i s s i o n  p l a n n e r s  an o p p o r t u n i t y  t o  use advanced e l e c t r i c  p r o p u l s i o n  
systems ( W i l e y  e t  a l .  1986).  S p e c i f i c  a p p l i c a t i o n s  of n u c l e a r  e l e c t r i c  
p r o p u l s i o n  t o  n e a r - e a r t h  (Buden and G a r r i s o n  1985 and G a r r i s i o n  1982) m i s s i o n s  
appear  i n  t h e  l i t e r a t u r e .  More r e c e n t l y ,  Hardy e t  a l .  (1987) have l o o k e d  a t  
SP-100-based m i s s i o n  c a p a b i l i t i e s  p r o v i d e d  by t h r e e  t y p e s  of e l e c t r i c  p r o p u l -  
s i o n .  Those forms o f  e l e c t r i c  p r o p u l s i o n  i n c l u d e d  h i g h  power r e s i s t o j e t s ,  
a r c j e t s ,  and i o n  t h r u s t e r s .  The c u r r e n t  paper  d e s c r i b e s  i o n  t h r u s t e r  o p e r a t i o n  
and p r e s e n t s  demonst ra ted  and expec ted  performance of h i g h  power i o n  t h r u s t e r s  
used i n  t h a t  a n a l y s i s  f o r  an SP-100-based m i s s i o n .  
The l a c k  o f  l a r g e  q u a n t i t i e s  o f  space 
APPARATUS 
F i g u r e  1 shows a mercury  i o n  t h r u s t e r ,  s i m i l a r  t o  t h a t  developed f o r  
N A S A ' s  S o l a r  E l e c t r i c  P r o p u l s i o n  Stage (SEPS), and power p r o c e s s i n g  used t o  
o p e r a t e  t h e  t h r u s t e r  (Love11 e t  a l .  1979).  A s  shown, t h e  power p r o c e s s i n g  has 
~ -~ 
been simp1 i f i e d  
(Raw1 i n  1979).  
by  e l e c t r o n s  wh 
from p r e v  
Here l i q u  
ch a r e  em 
The i o n s  d r i f t  toward  t h e  
ous d e s i g n s  t o  o p e r a t e  w i t h  o n l y  f i v e  power s u p p l i e s  
d mercury  i s  v a p o r i z e d ,  t h e n  i o n i z e d  v i a  bombardment 
t t e d  from t h e  ca thode and c o l l e c t e d  by  t h e  anode. 
sc reen g r i d  o f  t h e  i o n  a c c e l e r a t i n g  system where 
t h e y  a r e  e l e c t r o s t a t i c a l l y  focused i n t o  beamle ts  and a c c e l e r a t e d  t o  a h i g h  
exhaust  v e l o c i t y .  E l e c t r o n s  from t h e  n e u t r a l i z e r  a r e  t h e n  i n j e c t e d  i n t o  t h e  
i o n  beam t o  p r e v e n t  b u i l d u p  o f  a p o s i t i v e  space charge.  When t h e  p r o p e l l a n t  
i s  i n i t i a l l y  a gas ( a s  i n  t h e  case o f  xenon or a r g o n ) ,  t h e  p r o p e l l a n t  
v a p o r i z e r s  and power s u p p l i e s  a r e  n o t  needed. Two 30-cm d i a m e t e r  l a b o r a t o r y  
model i o n  t h r u s t e r s ,  w i t h  d i f f e r e n t  i o n i z a t i o n  chambers, have b o t h  been 
o p e r a t e d  w i t h  mercury  and i n e r t  gas p r o p e l  l a n t s  and i n p u t  e l e c t r i c  power 
l e v e l s  t o  22 kW u s i n g  l a b o r a t o r y  power s u p p l i e s .  The m a j o r  d i f f e r e n c e s  between 
these i o n i z a t i o n  chambers a r e  t h e  s t r e n g t h  and shape of t h e  magnet ic  f i e l d  
used t o  i n c r e a s e  t h e  e f f e c t i v e  p a t h  l e n g t h  o f  t h e  i o n i z i n g  e l e c t r o n s .  The 
SEPS t h r u s t e r  uses a x i a l  and r a d i a l  ( A l n i c o )  magnets p l a c e d  on t h e  o u t e r  w a l l s  
o f  t h e  i o n i z a t i o n  chamber t o  p r o v i d e  a weak d i v e r g e n t  magnet ic  f i e l d  between 
t h e  upst ream cathode ( l o c a t e d  on  a x i s )  and t h e  downstream end of t h e  anode. 
The o t h e r  i o n i z a t i o n  chamber i r t i l i z e s  v e r y  s t r o n g  samarium c o b a l t  magnets 
p l a c e d  i n  r i n g s  o n  t h e  upst ream end and t h e  c y l i n d r i c a l  s i d e  w a l l  such t h a t  
t h e  magnet ic  p o l a r i t y  o f  t h e  r i n g s  a l t e r n a t e .  
f i e l d  i s  mostly a t  t h e  i o n i z a t i o n  chamber b o u n d a r i e s .  T h i s  r i n g - c u s p  c o n f i g u -  
r a t i o n  has been d e s c r i b e d  i n  d e t a i l  by  Sovey ( 1 9 8 2 > ,  B e a t t i e  and Kami (1982>,  
and P a t t e r s o n  (1986) .  
W i t h  t h i s  geometry,  t h e  magnet ic  
The i o n  a c c e l e r a t i n g  s y s t e m s  used f o r  t h e  t e s t s  h e r e i n  were e i t h e r  SEPS 
hardware or s i m i l a r  l a b o r a t o r y  equipment  and c o n s i s t e d  o f  two d i s h e d  molybde- 
num e l e c t r o d e s  s e p a r a t e d  by  a s p a c i n g  o f  a b o u t  0.6 mm. The d i a m e t e r s  o f  t h e  
h o l e s  i n  t h e  0.38-mm t h i c k  screen and a c c e l e r a t o r  g r i d s  were 1.9 and 1 . 1  mm, 
r e s p e c t i v e l y .  The open a r e a  f r a c t i o n s  o f  each g r i d  were 0 .67  and 0 .24 ,  
r e s p e c t i v e l y .  
The i o n  t h r u s t e r s  were t e s t e d  i n  a space s i m u l a t i o n  vacuum f a c i l i t y  t h a t  
was 4.6 m i n  d i a m e t e r  by  19.2 m l o n g  and had an o p e r a t i n g  p r e s s u r e  ( i o n  
t h r u s t e r  on> o f  about  3x10-3 Pa. 
PROCEDURE 
The 30-cm d i a m e t e r  i o n  t h r u s t e r s  were o p e r a t e d  as d e s c r i b e d  i n  R a w l i n  
(1982) and t h e  per formance o f  t h e  i o n i z a t i o n  chambers and i o n  a c c e l e r a t o r s  
were e v a l u a t e d .  Values o f  s p e c i f i c  i m p u l s e ,  t h r u s t ,  e l e c t r i c  power,  and 
t h r u s t e r  e f f i c i e n c y  were c a l c u l a t e d  from s t e a d y - s t a t e  e l e c t r i c a l  and p r o p e l -  
l a n t  f low meters .  The p h y s i c a l  o p e r a t i n g  l i m i t s  were i d e n t i f i e d  and extended,  
where p o s s i b l e ,  t o  a l l o w  i n t e r p o l a t i o n  and e x t r a p o l a t i o n  o f  t h r u s t e r  t e c h n o l -  
ogy.  Equat ions  d e s c r i b i n g  t h r u s t e r  per fo rmance were p r e s e n t e d ,  s i m p l i f i e d ,  
and a p p l i e d  t o  30-cm and l a r g e r  50-cm d i a m e t e r  i o n  t h r u s t e r s .  
ANALYSIS 
I o n  t h r u s t e r  per formance i s  c h a r a c t e r i z e d  by  v a l u e s  o f  s p e c i f  
( I s p ) ,  t h r u s t  ( T ) ,  and i n p u t  e l e c t r i c  power ( P )  from which  t h e  e f f  
t h e  t h r u s t e r  ( E F F T )  can be c a l c u l a t e d  as 
c impu 
c i  ency 
se 
o f  
2 
g I s p  T 
2P EFFT = ( 1 )  
where g i s  t h e  a c c e l e r a t i o n  due t o  g r a v i t y  (9 .8  m / s 2 ) ,  I s p  i s  i n  seconds, 
T i s  i n  newtons, and P i s  i n  w a t t s .  
The s p e c i f i c  impu lse  o f  an i o n  t h r u s t e r  i s  d e f i n e d  h e r e  t o  be equa l  t o  
t h e  r a t i o  o f  t h e  t h r u s t  produced and t h e  p r o p e l l a n t  w e i g h t  f low r a t e  and can 
be expressed as :  
I s p  = Ep ( E F F P ) p  = 1 . 2 7 ~ 1 0  3 & Vb 
g m  
( 2 )  
where K i s  a t h r u s t  l o s s  f a c t o r  a c c o u n t i n g  for beam i o n s  wh ich  a r e  m u l t i p l y  
charged or have n o n a x i a l  t r a j e c t o r i e s .  K t y p i c a l l y  has a v a l u e  (assumed con- 
s t a n t  h e r e i n )  o f  0.95.  The t e r m  e l m  i s  t h e  charge-to-mass r a t i o  o f  s i n g l y  
charged i o n s  and i s  r e l a t e d  t o  M, t h e  a tomic  mass of t h e  p r o p e l l a n t ,  wh ich  i s  
expressed i n  a.m.u. EFFP i s  t h e  measured p r o p e l l a n t  e f f i c i e n c y ,  d e f i n e d  as 
t h e  r a t i o  o f  t h e  i o n  beam c u r r e n t  o u t  o f  t h e  t h r u s t e r  to  t h e  n e u t r a l  p r o p e l -  
l a n t  mass f low r a t e  i n t o  t h e  t h r u s t e r  expressed as a c u r r e n t  of s i n g l y  charged 
i o n s .  For i o n  t h r u s t e r s  wh ich  have been o p t i m i z e d  for a g i v e n  p r o p e l l a n t  t y p e  
and f i x e d  o p e r a t i n g  p o i n t ,  EFFP u s u a l l y  has a v a l u e  between 0 . 9  and 1.0. A 
c o n s t a n t  v a l u e  o f  0.94 was assumed for t h e  SP-100 r e f e r e n c e  m i s s i o n  a n a l y s e s .  
Vb i s  t h e  beam v o l t a g e  o r  n e t  i o n  a c c e l e r a t i n g  v o l t a g e ,  d e f i n e d  as t h e  poten-  
t i a l  d i f f e r e n c e  between t h e  d i s c h a r g e  chamber anode and t h e  l o c a l  ground,  and 
de termines  t h e  i o n  v e l o c i t y .  For  t h e  i o n  p r o p u l s i o n  system a n a l y s e s  p r e s e n t e d  
i n  Hardy (1987) ,  t h e  s p e c i f i c  impu lse  was an i n p u t  v a r i a b l e  d e t e r m i n e d  b y  an 
a l l o w a b l e  range of Vb, wh ich  was 400 t o  1800 V for t h e  i o n  t h r u s t e r  b a s e l i n e  
t e c h n o l o g y  case d i s c u s s e d  i n  d e t a i l  l a t e r .  T h r u s t  i s  o b t a i n e d  from t h e  e j e c -  
t i o n  o f  i o n i z e d  p r o p e l l a n t  ( t h e  t h r u s t  produced by l o s t  n e u t r a l  p r o p e l l a n t  i s  
n e g l i g i b l e )  and may be expressed as :  
T = K @ J b p  = 1 . 3 7 ~ 1 0 - ~  J b p  (3) 
where Jb i s  t h e  i o n  beam c u r r e n t  i n  amperes. The maximum t h r u s t  from an 
e l e c t r o s t a t i c  i o n  t h r u s t e r  i s  l i m i t e d  i n  t h r e e  ways. One l i m i t  i s  t h e  amount 
o f  i o n i z e d  p r o p e l l a n t  t h a t  may be a c c e l e r a t e d  t h r o u g h  t h e  i o n  e x t r a c t i o n  g r i d  
h o l e s .  W i t h  a f i x e d  t o t a l  a c c e l e r a t i n g  v o l t a g e  ( V t ,  t h e  p o t e n t i a l  d i f f e r e n c e  
between t h e  d i s c h a r g e  chamber plasma and t h e  n e g a t i v e  a c c e l e r a t o r  g r i d )  t h e  
t o t a l  ion c u r r e n t  ( J b )  may be i n c r e a s e d ,  by i n c r e a s i n g  t h e  d i s c h a r g e  power,  
u n t i l  t h e  i o n i c  space charge. fo rces  become a p p r e c i a b l e  compared t o  t h e  g r i d  
e l e c t r o s t a t i c  forces. When t h i s  o c c u r s ,  an i n c r e a s i n g  f r a c t i o n  o f  t h e  i o n s  
a r e  u n a b l e  t o  be focused t h r o u g h  t h e  n e g a t i v e  a c c e l e r a t o r  g r i d  h o l e s  and t h e y  
imp inge on t h a t  g r i d .  A c c e p t a b l e  i o n  e x t r a c t i o n  system o p e r a t i o n  o c c u r s  a t  
any v a l u e  o f  beam c u r r e n t  be low t h i s  maximum. For normal o p e r a t i o n ,  a 10 t o  
15 p e r c e n t  r e d u c t i o n  below t h e  space charge l i m i t  i s  t y p i c a l .  An e m p i r i c a l  
e x p r e s s i o n  f o r  t h e  maximum beam c u r r e n t  (Jbmax) from t h e  SEPS t h r u s t e r  o p e r a t e d  
w i t h  a v a r i e t y  of p r o p e l l a n t s  can be o b t a i n e d  from R a w l i n  (1982) and expressed 
as:  
2 2 .2  
Jbmax = 4.73x10-’ (p) 
4 
( 4 )  
3 
where D is the thruster beam diameter in meters and R is the ratio of net 
ion accelerating voltage (Vb) to the total ion accelerating voltage (Vt) and 
can be varied from about 0.2 to 0.9. The upper limit for R of about 0.9 is 
determined by the minimum value of the magnitude of the negative voltage on 
the second or accelerator grid. This voltage is required to prevent electrons 
in the neutralized ion beam from being attracted to the positive potentials 
upstream of the accelerator grid. The value of R can be reduced, using 
two-grid accelerating systems, to about 0.55. For a fixed grid geometry, beam- 
let divergence losses gradually increase (but are assumed constant herein by 
assuming an optimized geometry) with decreasing values of R until ion 
impingement on the accelerator grid becomes significant (Danilowicz 1973). At 
low values of R , these losses can also be minimized by improving ion focus- 
ing through the use of a third or decelerator grid placed downstream of the 
accelerator grid. This third grid is held at ground or neutralizer common 
potential and its use extends the range of R to values as low as 0.2 (Rawlin 
and Hawkins 1979). A s  can be seen by equations (3) and ( 4 ) ,  a low value of 
R allows a higher value of Jbmax and, hence, higher thrust for a given 
Vb. However, this also leads to a higher value of Vt which, if greater than 
the assumed baseline value, would be considered a higher risk. 
For the analyses conducted here and in Hardy (1987) the operational beam 
current was conservatively assumed to be about three-fourths of Jbmax. Using 
this expression for Jb, the equation for thrust becomes: 
9 D2 VbZa7 
R2. 2 T = 4.85~10- (5) 
A s  equation (5) shows, thrust capability is independent of propellant 
type because thrust is proportional to Mo.5 while Jbmax is inversely propor- 
tional to Mos5. 
thrust results from the maximum electric field which can be supported by the 
grid-to-grid spacing of the ion extraction system. SEPS thrusters have been 
operated with an electric field of 5x106 V/m, and a conservative value of 
3.3~106 V/m was used here as the baseline operating condition. The third 
limit arises from thermal considerations when producing ions in the discharge 
chamber. Byers and Rawlin (1976) discuss this limit in detail for argon ion 
thrusters where the beam current and discharge power values are at least 
80 percent greater than those which would be achieved with xenon and mercury 
propellants. The baseline operating conditions here are conservative and 
result in temperatures which are well below any thermal concerns. 
A second limit of the maximum permissible beam current or 
Thruster input electric power may be expressed as: 
P = Jb (Vb + EV) + Pf (6) 
where EV is an ionization power cost in watts per ampere o f  ion beam current 
and Pf is a small amount of power consumed during normal thruster operation 
for heaters (when necessary), plasma discharges to sustain the neutralizer and 
cathode, neutralizer to ion beam coupling losses, and accelerator grid impinge- 
ment losses. For 30-cm diameter ion thrusters, operated on mercury or xenon, 
the value of EV typically ranges between 100 and 200 W per beam ampere 
(Patterson 1986 and Rawlin 1982). Therefore, a value of 150 W/A for EV was 
used in subsequent calculations. Pf was assumed to have a constant value 
4 
o f  50 W ,  based on e x p e r i m e n t a l  r e s u l t s  w i t h  30-cm i o n  t h r u s t e r s .  I n c l u d i n g  
these assumpt ions t h e  t h r u s t e r  i n p u t  power e q u a t i o n  used i n  t h e  ana lyses  was: 
P s Jb (Vb + 150) + 50 (7) 
T h i s  s e t  o f  e q u a t i o n s  and t h e  assumed i o n  t h r u s t e r  b a s e l i n e  t e c h n o l o g y  
parameters  t h a t  a r e  summarized i n  t a b l e  I were  used t o  p r o j e c t  t h e  per formance 
o f  30-cm and 50-cm d i a m e t e r  i o n  t h r u s t e r s  u s i n g  mercury  and xenon p r o p e l l a n t .  
RESULTS AND DISCUSSION 
The r e s u l t s  of a p p l y i n g  t h e  i o n  t h r u s t e r  b a s e l i n e  t e c h n o l o g y  assumpt ions 
o f  t a b l e  I t o  t h e  t h r u s t e r  per fo rmance e q u a t i o n s  o f  t h e  ANALYSIS s e c t i o n  a r e  
d i s c u s s e d  and compared w i t h  demonst ra ted  t h r u s t e r  per fo rmance.  In a d d i t i o n ,  
t h e  impact  o f  i m p r o v i n g  c e r t a i n  t h r u s t e r  t e c h n o l o g y  parameters  i s  assessed.  
T h r u s t e r  Per formance 
F i g u r e  2 shows c a l c u l a t e d  and demonst ra ted  t h r u s t  as a f u n c t i o n  o f  
s p e c i f i c  impu lse  f o r  30-cm d i a m e t e r  i o n  t h r u s t e r s  o p e r a t e d  b o t h  on mercury  and 
xenon p r o p e l l a n t .  C a l c u l a t i o n s  w e r e  made by a p p l y i n g  t h e  b a s e l i n e  t e c h n o l o g y  
assumpt ions t o  t h e  e q u a t i o n s  p r e s e n t e d  e a r l i e r .  The t h r e e  d a t a  p o i n t s  shown 
on each c a l c u l a t e d  cu rve  r e p r e s e n t  beam v o l t a g e s  from 400 t o  1800 V.  Thus, 
t h e  va lues  o f  t h r u s t  a r e  c o n s t a n t  f o r  a g i v e n  beam v o l t a g e .  A s  shown by  
e q u a t i o n  (51, t h r u s t  would be expec ted  t o  v a r y  w i t h  t h e  square o f  t h e  t h r u s t e r  
d i a m e t e r .  Values o f  s p e c i f i c  impu lse  v a r y  i n v e r s e l y  w i t h  t h e  square root of  
t h e  p r o p e l l a n t  a tomic  mass, as expec ted  f r o m  e q u a t i o n  ( 4 ) .  The i o n  beam 
c u r r e n t  f o r  each cu rve  i s  c o n s t a n t  (because t h e  t o t a l  a c c e l e r a t i n g  v o l t a g e  i s  
c o n s t a n t ) ;  t h e r e f o r e ,  t h e  power pe r  t h r u s t e r  i nc reases  w i t h  s p e c i f i c  impu lse  
or beam v o l t a g e .  A t  each c a l c u l a t e d  p o i n t  a v a l u e  for t h r u s t e r  i n p u t  e l e c t r i c  
power i s  shown. The f r a c t i o n  o f  t h i s  t o t a l  i n p u t  power t h a t  i s  i n  t h e  beam 
v a r i e s  between 0.72 and 0.92; t h e r e f o r e ,  t h e  s e n s i t i v i t y  o f  v a r i a t i o n s  i n  t h e  
assumed va lues  o f  t h e  i o n i z a t i o n  power c o s t  (EV) ,  t h e  f i x e d  power l o s s e s  ( P f ) ,  
t h e  t h r u s t  l o s s  f a c t o r  (K), and t h e  p r o p e l l a n t  e f f i c i e n c y  (EFFP)  would be 
expec ted  t o  be m i n i m a l .  T h r u s t  v a r i e s  l i n e a r l y  w i t h  s p e c i f i c  impu lse  because 
o n l y  t h e  beam v o l t a g e  i s  b e i n g  changed, and t h e  square root o f  Vb appears i n  
b o t h  t h e  s p e c i f i c  impu lse  and t h r u s t  e x p r e s s i o n s .  
F i g u r e  2 a l s o  compares t h e  c a l c u l a t e d  t h r u s t  w i t h  demonst ra ted  d a t a  
o b t a i n e d  w i t h  30-cm d i a m e t e r  t h r u s t e r s .  O n l y  those d a t a  o b t a i n e d  w i t h  beam 
c u r r e n t s  near  t h e  space charge flow l i m i t  and a b a s e l i n e  t o t a l  a c c e l e r a t i n g  
v o l t a g e  o f  2000 V (2500 V )  a r e  shown. Data  above t h e  c a l c u l a t e d  t h r u s t  l i n e  
were o b t a i n e d  w i t h  t o t a l  a c c e l e r a t i n g  v o l t a g e s  between 2000 and 2500 V w h i l e  
those  below t h e  l i n e  had t o t a l  v o l t a g e s  between 1500 and 2000 V .  P r e v i o u s l y  
p r e s e n t e d  d a t a  sources a r e  i d e n t i f i e d  by r e f e r e n c e s .  Some m i s s i o n s ,  such as 
those  t h a t  a r e  power l i m i t e d ,  may n o t  be a b l e  t o  u t i l i z e  t h e  f u l l  t h r u s t  
c a p a b i l i t y .  These t h r u s t e r s  can be o p e r a t e d  t o  produce l e s s  t h r u s t .  A t  any 
v a l u e  o f  s p e c i f i c  impu lse ,  t h e  i o n  p r o d u c t i o n  may be decreased by  r e d u c i n g  t h e  
i o n  p r o d u c t i o n  power and /o r  p r o p e l l a n t  f low r a t e ,  t h e r e b y  r e d u c i n g  t h e  i o n  
beam c u r r e n t  and t h r u s t .  Thus, va lues  o f  t h r u s t  be low those shown a r e  assumed 
t o  be e a s i l y  a c h i e v a b l e .  For mercury ,  t h e  d a t a  a t  lower va lues  o f  s p e c i f i c  
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impu lse ,  were o b t a i n e d  w i t h  t h r e e  g r i d  o p t i c s  w h i l e  a l l  o f  t h e  d a t a  shown f o r  
xenon were taken w i t h  c o n v e n t i o n a l  two g r i d  a c c e l e r a t i n g  s y s t e m s .  
P r o j e c t e d  and demonst ra ted  v a l u e s  of t h r u s t ,  s p e c i f i c  impu lse ,  and power 
a r e  combined t o  g i v e  v a l u e s  of t h r u s t e r  e f f i c i e n c y  (EFFT), which a r e  shown i n  
f i g u r e  3 as f u n c t i o n s  of s p e c i f i c  i m p u l s e .  The c u r v e s  of c a l c u l a t e d  per fo rm-  
ance a r e  independent  of t h r u s t e r  s i z e  i f  t h e  f i x e d  power l o s s e s  a r e  n e g l e c t e d  
as can be seen by  combin ing  e q u a t i o n s  ( l ) ,  ( 2 ) ,  ( 3 ) ,  and ( 7 ) .  Values o f  demon- 
s t r a t e d  t h r u s t e r  e f f i c i e n c y  a r e  for 30-cm d i a m e t e r  t h r u s t e r s  ( e x c e p t  where 
n o t e d )  w i t h  d i v e r g e n t  and r i n g  cusp magnet ic  f i e l d  d i s c h a r g e  chambers. A l l  o f  
t h e  da ta ,  e x c e p t  f o r  t h o s e  from R a w l i n  (1979) ,  were o b t a i n e d  w i t h  two g r i d  
o p t i c s .  The main reasons t h e  mercury  d a t a  f a l l  be low t h e  c a l c u l a t e d  c u r v e  i s  
t h a t  t h e  p r o p e l l a n t  e f f i c i e n c y  (EFFP) was, i n  a c t u a l i t y ,  a few p e r c e n t  l e s s  
t h a n  t h a t  assumed and t h e  i o n  p r o d u c t i o n  costs were a b o u t  30 p e r c e n t  g r e a t e r  
t h a n  assumed. A t  low v a l u e s  of s p e c i f i c  i m p u l s e  ( l e s s  t h a n  3000 sec)  t h e  e f f i -  
c i e n c y  v a l u e s  o f  R a w l i n  (1982)  d r o p  o f f  r a p i d l y  because t h e  t h r u s t e r  was oper -  
a t e d  i n  a "deep t h r o t t l e  mode" where t h e  p r o p e l l a n t  and power e f f i c i e n c i e s  a r e  
b o t h  be low d e s i g n  v a l u e s .  W i t h  xenon, t h e  i o n  p r o d u c t i o n  costs a r e  l o w e r ;  
t h e r e f o r e ,  t h e  major  reason t h a t  most of t h e  d a t a  f a l l  be low t h e  c a l c u l a t e d  
c u r v e  i s  t h a t  t h e  a c t u a l  p r o p e l l a n t  e f f i c i e n c y  v a l u e s  were lower  t h a n  t h a t  
assumed. I t  s h o u l d  be n o t e d  t h a t  t h e  s i n g l e  datum p o i n t  fo r  B e a t t i e  e t  a l .  
(1985>,  wh ich  l i e s  j u s t  above t h e  c a l c u l a t e d  c u r v e ,  was o b t a i n e d  w i t h  a 
t h r u s t e r  t h a t  was o p t i m i z e d  for xenon p r o p e l l a n t  and employs t h e  h i g h e s t  l e v e l  
o f  t e c h n o l o g y  ( h o l l o w  ca thodes,  r i n g  cusp magnet ic  f i e l d ,  and t h r e e  g r i d  
o p t i c s ) .  
The l o c a t i o n  o f  each datum p o i n t  i s  independent  of i n p u t  e l e c t r i c  power 
l e v e l ,  wh ich  v a r i e s  between 0 . 7  and 21.7 kW for t h e  d a t a  shown. 
Risk Versus Technology L e v e l  
The m a j o r i t y  of i o n  t h r u s t e r  r e s e a r c h  has been w i t h  mercury  p r o p e l l a n t  i n  
i o n  t h r u s t e r s  u s i n g  two g r i d  o p t i c s  and r a n g i n g  i n  s i z e  from 5 t o  150 cm i n  
d i a m e t e r .  A 15-cm d i a m e t e r  t h r u s t e r  was t e s t e d  i n  space f o r  more t h a n  
10 y e a r s  b e f o r e  t h e  p r o p e l l a n t  s u p p l y  was exhausted  ( K e r s l a k e  1981) .  More 
r e c e n t l y ,  8- and 30-cm d i a m e t e r  t h r u s t e r s  have been deve loped t o  s t a t e s  o f  
f l i g h t  (Power 1978) or t e c h n o l o g y  (Love11 e t  a l .  1979) r e a d i n e s s .  These 
t h r u s t e r s  b o t h  use d i v e r g e n t  m a g n e t i c  f i e l d  d i s c h a r g e  chambers and c l o s e l y  
spaced d i s h e d  g r i d s .  O p e r a t i o n  o f  t h r u s t e r s  a t  h i g h e r  power l e v e l s  and w i t h  
i n e r t  gases has been demonst ra ted  t o  be r e l a t i v e l y  s t r a i g h t f o r w a r d  ( R a w l i n  
1982 and P a t t e r s o n  1986) and, t h e r e f o r e ,  of r e l a t i v e l y  low r i s k  when t h e  t o t a l  
a c c e l e r a t i n g  v o l t a g e  i s  l e s s  t h a n  or equa l  t o  2000 V .  I n d u s t r y  has proposed 
t o  use a 25-cm d i a m e t e r  xenon i o n  t h r u s t e r  t o  p r o v i d e  t h e  n o r t h - s o u t h  s t a t i o n -  
k e e p i n g  f u n c t i o n  o f  communicat ion s a t e l l i t e s  a t  geosynchronous a l t i t u d e  
( B e a t t i e  e t  a l . ,  1985) .  That  t h r u s t e r ,  wh ich  o p e r a t e s  w i t h  about  1 .3  kW o f  
i n p u t  e l e c t r i c  power, uses advanced t h r u s t e r  t e c h n o l o g y ,  such as a r i n g  cusp 
magnet ic  f i e l d  d i s c h a r g e  chamber and t h r e e  g r i d  o p t i c s ,  and has demonst ra ted  
o v e r  4300 h r  o f  ground t e s t i n g  ( B e a t t i e  e t  a l .  1987) .  
For space m i s s i o n s  t h a t  may have s e v e r a l  hundred k i l o w a t t s  o f  e l e c t r i c a l  
power a v a i l a b l e  f o r  p r o p u l s i o n ,  i t  i s  d e s i r a b l e  (from a system s i m p l i c i t y  v iew- 
p o i n t )  for each t h r u s t e r  t o  be a b l e  t o  process  more power and t o  produce more 
t h r u s t  i n  t h e  s p e c i f i c  impu lse  range of i n t e r e s t  (2000 t o  5000 sec) t h a n  
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can be a c h i e v e d  w i t h  t h e  b a s e l i n e  t e c h n o l o g y  assumpt ions .  
p l i s h  t h i s  would be to  i n c r e a s e  t h e  t o t a l  a c c e l e r a t i n g  v o l t a g e  which would 
a l l o w  a g r e a t e r  beam c u r r e n t .  I n c r e a s i n g  t h e  beam c u r r e n t  l eads  t o  l a r g e r  
va lues  o f  t h r u s t  and power p e r  t h r u s t e r  as shown by e q u a t i o n s  ( 3 )  and ( 6 )  and 
f e w e r  t h r u s t e r s  p e r  system (Hardy e t  a l .  1987) .  F i g u r e  4 shows t h e  p r o j e c t e d  
t h r u s t  f o r  a 30-cm d i a m e t e r  t h r u s t e r  as a f u n c t i o n  of t h e  t o t a l  a c c e l e r a t i n g  
v o l t a g e  f o r  a f i x e d  v a l u e  of  beam v o l t a g e  (1800 V I .  O p e r a t i o n  a t  l ower  va lues  
o f  beam v o l t a g e  c o n c u r r e n t  w i t h  these h i g h e r  va lues  o f  t o t a l  a c c e l e r a t i n g  vo l t -  
age would l e a d  t o  lower va lues  of R and n e c e s s i t a t e  t h e  use o f  t h r e e  g r i d  
o p t i c s  which have demonst ra ted  o n l y  l i m i t e d  o p e r a t i o n  a t  beam c u r r e n t  l e v e l s  
o v e r  2 A ( R a w l i n  and Hawkins 1979) and would be c o n s i d e r e d  h i g h e r  r i s k .  Values 
o f  i n p u t  power and r e l a t i v e  r i s k  f o r  each p o i n t  a r e  a l s o  shown. The a u t h o r s  
r e a l i z e  t h a t  " r i s k "  i s  s u b j e c t i v e  and use i t  here  o n l y  t o  show how d i f f e r e n t  
t e c h n o l o g i e s  or o p e r a t i n g  c o n d i t i o n s  r e l a t e  t o  t h e  b a s e l i n e  assumpt ions .  
P o t e n t i a l  development r i s k  i n c r e a s e s  w i t h  t o t a l  v o l t a g e  because o p e r a t i o n  a t  
h i g h e r  beam c u r r e n t  and t h r u s t e r  power l e v e l s  has n o t  been demonst ra ted  fo r  
extended p e r i o d s  o f  t ime .  
been, o c c a s i o n a l l y ,  demonst ra ted  i t  i s  b e l i e v e d  t o  be approach ing  t h e  maximum 
e l e c t r i c  f i e l d  s t r e n g t h  for  c l o s e l y  spaced g r i d s  o f  t h e  SEPS d e s i g n .  
One way t o  accom- 
A l t h o u g h  o p e r a t i o n  a t  a t o t a l  v o l t a g e  o f  3000 V has 
Another  way to  i n c r e a s e  t h e  t h r u s t  and power p e r  t h r u s t e r  i s  t o  i n c r e a s e  
t h e  t h r u s t e r  d iamete r .  F i g u r e  5 shows how t h e  t h r u s t  and power would be 
expec ted  to i n c r e a s e  w i t h  t h r u s t e r  s i z e .  Also shown i s  a datum p o i n t  f r o m  
Reader (1964)  f o r  a SO-cm d i a m e t e r  mercury  i o n  t h r u s t e r .  There t h e  t o t a l  g r i d  
v o l t a g e  was about  10 kV and t h e  g r i d - t o - g r i d  spac ing  was about  15 t i m e s  t h a t  
p r e s e n t l y  used w i t h  d i s h e d  g r i d s .  T h i s  r e s u l t e d  i n  a much lower  beam c u r r e n t  
t han  c o u l d  be o b t a i n e d  w i t h  c l o s e r  spaced o p t i c s .  
age (8800 V )  or s p e c i f i c  impu lse  (abou t  8500 sec)  l eads  t o  reduced va lues  o f  
t h e  t h r u s t - t o - p o w e r  r a t i o  as expec ted  from t h e  e q u a t i o n s .  I n c r e a s i n g  t h e  
t h r u s t e r  d i a m e t e r  t o  50 cm w i t h  s t a t e - o f - t h e - a r t  t h r u s t e r  t e c h n o l o g y  ( h o l l o w  
cathodes,  r i n g  cusp magnet ic  f i e l d  d i s c h a r g e  chambers, and c l o s e l y  spaced 
d i s h e d  o p t i c s )  appear s t r a i g h t f o r w a r d ,  and a t  t h i s  t i m e  i t  would p r o b a b l y  be a 
moderate r i s k  v e n t u r e .  The a c t u a l  t e c h n o l o g y  r i sks  o f  combin ing  t h e  50-cm 
t h r u s t e r  w i t h  h i g h  power d e n s i t y  o p e r a t i o n  a r e  unknown because no d a t a  a r e  
a v a i l a b l e .  Thus, t h e y  a r e  assumed, a t  t h i s  t i m e ,  t o  be h i g h .  
O p e r a t i o n  a t  h i g h  beam v o l t -  
T h r u s t e r  Mass 
The masses o f  advanced 30- and SO-cm d i a m e t e r  i o n  t h r u s t e r s  has been e s t i -  
mated t o  be 11.4 and 20 .4  K, r e s p e c t i v e l y ,  from Byers (1979) .  I t  was t h e  o p i n -  
i o n  o f  those a u t h o r s  t h a t  advanced t h r u s t e r s  would o p e r a t e  a t  power d e n s i t i e s  
s i m i l a r  t o  those proposed he re ,  have a magnet ic  f i e l d  c o n f i g u r a t i o n  more com- 
p l i c a t e d  than  t h e  SEPS d i v e r g e n t  f i e l d  geometry,  and have t h r e e  g r i d  o p t i c s .  
Because t h e  i o n  t h r u s t e r  mass i s  smal l  compared t o  o t h e r  sys tem components, 
h i g h l y  a c c u r a t e  va lues  a r e  n o t  r e q u i r e d  f o r  t h e  p r e s e n t  ana lyses .  
T h r u s t e r  L i  f e  t i me 
We b e l i e v e  t h a t  t h e  p r e s e n t  l i f e - l i m i t i n g  mechanism f o r  i o n  t h r u s t e r s  i s  
s p u t t e r i n g  damage or e r o s i o n  of  d i s c h a r g e  chamber components, such as t h e  
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upstream s i d e  o f  t h e  screen g r i d ,  by  low energy  i o n s .  
n ism whereby s u r f a c e  atoms a r e  e j e c t e d  a f t e r  a momentum exchange w i t h  i n c i d e n t  
i o n s .  S i n g l y  charged i o n s  would be expec ted  t o  have e n e r g i e s ,  i n  e l e c t r o n  
v o l t s ,  a p p r o x i m a t e l y  equal  t o  t h e  anode t o  s c r e e n  g r i d  p o t e n t i a l  d i f f e r e n c e  
(about  30 V ) .  About 10 p e r c e n t  o f  t h e  i o n s  c r e a t e d  i n  t h e  d i s c h a r g e  chamber 
a r e  d o u b l y  charged and would be expec ted  t o  have e n e r g i e s  o f  about  60 eV. 
these e n e r g i e s  s p u t t e r i n g  y i e l d s  ( i n  atoms s p u t t e r e d  p e r  i n c i d e n t  i o n )  a r e  low 
(10-4 t o  10-3) and i n c r e a s e  r a p i d l y  as t h e  i o n  e n e r g i e s  i n c r e a s e  from about  
30 t o  100 eV. The screen g r i d  e r o s i o n  i s  a maximum a t  t h e  c e n t e r  o f  t h e  g r i d  
because t h e  plasma d e n s i t y  and t h e  r a t i o  o f  d o u b l y  t o  s i n g l y  charged i o n s  
a l s o  e x h i b i t  maxima on t h e  t h r u s t e r  a x i s .  The e r o s i o n  r a t e  a l s o  v a r i e s  w i t h  
i o n  p r o d u c t i o n  r a t e  (or  beam c u r r e n t  d e n s i t y )  for a g i v e n  i o n  energy  ( d i s c h a r g e  
v o l t a g e ) .  Endurance t e s t s  o f  SEPS t h r u s t e r s  i n d i c a t e d  screen g r i d  l i f e t i m e s  
of n e a r l y  30 000 h r  may be a c h i e v e d  when t h e  d i s c h a r g e  v o l t a g e  i s  32 V and t h e  
beam c u r r e n t  i s  2 A ( B e c h t e l  e t  a l .  1982) .  Screen g r i d  l i f e t i m e  was d e f i n e d  
as t h e  t i m e  t o  erode t o  h a l f  t h e  o r i g i n a l  t h i c k n e s s .  A 500 h r  t e s t  o f  a SEPS 
t h r u s t e r  o p e r a t e d  a t  an i n c r e a s e d  beam c u r r e n t  of 3 A and a reduced d i s c h a r g e  
v o l t a g e  o f  28 V gave a screen g r i d  e r o s i o n  r a t e  wh ich  was a b o u t  h a l f  t h a t  o f  
t h e  SEPS b a s e l i n e  c o n d i t i o n  ( R a w l i n  and Hawkins 1979).  T h i s  o c c u r r e d  because 
o f  t h e  s t r o n g  dependence o f  s p u t t e r  y i e l d  on  i o n  energy ,  e s p e c i a l l y  a t  t h e  
l o w e r  va lues  o f  i o n  energy .  An approx imate  c a l c u l a t i o n  has i n d i c a t e d  t h a t  a 
30-cm d iameter  mercury  i o n  t h r u s t e r  o p e r a t i n g  a t  beam c u r r e n t  o f  4.1 A ( t h e  
v a l u e  p r o j e c t e d  f o r  t h e  b a s e l i n e  t e c h n o l o g y  assumpt ions o f  t a b l e  I> and a 
d i s c h a r g e  v o l t a g e  o f  28 V would have a screen g r i d  l i f e t i m e  n e a r l y  equal  t o  
t h a t  o f  t h e  SEPS t h r u s t e r .  The beam c u r r e n t  d e n s i t y  p r o j e c t e d  by  t h e  a n a l y s i s  
p r e s e n t e d  h e r e i n  i s  c o n s t a n t  f o r  30-cm and 50-cm d i a m e t e r  mercury  i o n  t h r u s t e r s  
and would be c o n s i d e r e d  low r i s k  (based on  l i f e t i m e )  f o r  a s i x  month (4300 h r )  
m i s s i o n .  The use o f  xenon p r o p e l l a n t  i n  i o n  t h r u s t e r s  des igned f o r  mercury  
l e a d s  t o  s i m i l a r  d i s c h a r g e  o p e r a t i n g  c o n d i t i o n s .  I n  a d d i t i o n ,  t h e  s p u t t e r i n g  
y i e l d s  from s u r f a c e s  bombarded w i t h  xenon i o n s  a r e  expec ted  t o  be about  d o u b l e  
those fo r  mercury  i o n s  s u g g e s t i n g  t h a t  a xenon i o n  t h r u s t e r  o p e r a t i n g  a t  t h e  
c o n d i t i o n s  o f  t a b l e  I would have a s c r e e n  g r i d  l i f e t i m e  o f  a b o u t  15 000. 
S p u t t e r i n g  i s  a mecha- 
A t  
Measurement o f  t h e  screen g r i d  e r o s i o n  r a t e  i n  a 25-cm d i a m e t e r  xenon i o n  
t h r u s t e r ,  o p e r a t e d  a t  a beam c u r r e n t  o f  1 .45  A and a d i s c h a r g e  v o l t a g e  o f  
28 V ,  p r o j e c t s  a l i f e t i m e  (wear t o  h a l f  t h i c k n e s s )  i n  excess o f  25 000 h r  
( B e a t t i e  e t  a l .  1985) .  The measurement t e c h n i q u e  used i n  t h o s e  t e s t s  i n v o l v e d  
t h i n  f i l m  e r o s i o n  m o n i t o r s  wh ich  g i v e  r e s u l t s  t h a t  a r e  c o n s i s t e n t l y  conserva-  
t i v e  by  about  a f a c t o r  o f  two ( B e a t t i e  1983) .  
i n c r e a s e  i n  xenon i o n  beam c u r r e n t ,  t o  t h e  c o n d i t i o n s  o f  t a b l e  I (5 .1  A ) ,  
would be expected t o  reduce t h e  screen g r i d  l i f e t i m e  t o  a b o u t  14 000 h r .  
U s i n g  t h e s e  f a c t s  a 3 . 5  t i m e s  
T h e r e f o r e ,  even 
l o n g  1 i f e t i m e s ,  
exceed t h e  r e q u  
Candidate 
though h i g h  c u r r e n t  xenon i o n  t h r u s t e r s  have n o t  demonst ra ted  
ana lyses  i n d i c a t e  t h a t  t h e  t h r u s t e r  l i f e t i m e s  would g r e a t l y  
rements o f  a s i x  month m i s s i o n .  
CONCLUSIONS 
on t h r u s t e r s  have been d e s c r i b e d  f o r  p r o p u l s i o n  o f  s p a c e c r a f t  
w i t h  l a r g e  amounts o f  a v a i l a b l e  e l e c t r i c a l  power,  such as t h o s e  t h a t  m i g h t  use 
an SP-100 n u c l e a r  r e a c t o r .  A s e t  o f  e q u a t i o n s  and t e c h n o l o g y  l e v e l  
assumpt ions,  which a r e  based on e x p e r i m e n t a l  r e s u l t s ,  have been p r e s e n t e d  and 
used t o  p r e d i c t  t h e  per formance o f  i o n  t h r u s t e r s  as a f u n c t i o n  o f  s p e c i f i c  
impu lse  i n  t h e  range o f  2000 t o  5000 sec. The p r o j e c t e d  r e s u l t s  were compared 
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w i t h  demonst ra ted  d a t a  and agreement was shown f o r  a l a r g e  range o f  o p e r a t i n g  
c o n d i t i o n s .  Per formance p r o j e c t i o n s  were made wh ich  show t h e  impact  o f  
advanced t e c h n o l o g y  assumpt ions on t h r u s t  and power c a p a b i l i t i e s  o f  i n d i v i d u a l  
t h r u s t e r s .  I n c r e a s e d  t h r u s t  and power p e r  t h r u s t e r  a l l o w s  f e w e r  numbers o f  
t h r u s t e r s  t o  be used wh ich  s i m p l i f i e s  t h e  p r o p u l s i o n  system, e s p e c i a l l y  when 
l a r g e  power l e v e l s  a r e  a v a i l a b l e .  The r e l a t i v e  r i s k  o f  advanced t h r u s t e r  tech-  
n o l o g i e s  were compared t o  t h e  low r i s k  o f  t h e  b a s e l i n e  t e c h n o l o g y  assumpt ions 
and were d i s c u s s e d .  Also b r i e f l y  d i s c u s s e d  was t h e  expec ted  l i f e t i m e  o f  i o n  
t h r u s t e r s  o p e r a t i n g  a t  t h r u s t  and power l e v e l s  g r e a t e r  t h a n  those wh ich  have 
been demonst ra ted .  The c o n c l u s i o n s  reached were t h a t  30- or 50-cm d i a m e t e r  
i o n  t h r u s t e r s  o p e r a t e d  w i t h  mercury  or xenon p r o p e l l a n t  s h o u l d  have l i f e t i m e s  
wh ich  a r e  p r o b a b l y  adequate for many n e a r - E a r t h  m i s s i o n s .  
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T a b l e  I. - ION THRUSTER BASELINE TECHNOLOGY ASSUMPTIONS 
~ ~~ ~ 
I o n  p r o d u c t i o n :  
T h r u s t  l o s s  f a c t o r ,  K . . . . . . . . . . . . . . . .  0.95 
P r o p e l l a n t  e f f i c i e n c y ,  EFFP . . . . . . . . . . . . .  0.94 
I o n i z a t i o n  power c o s t ,  EV . . . . . . . . . . . . .  150 W/A 
F i x e d  power l o s s e s ,  Pf . . . . . . . . . . . . . . .  50 W 
T o t a l  a c c e l e r a t i n g  v o l t a g e ,  V . . . . . . . . . . . .  2000 
R a t i o  o f  n e t - t o - t o t a l  
a c c e l e r a t i n g  v o l t a g e ,  R 
Three g r i d  o p t i c s  . . . . . . . . . . . . . .  0 . 2  t o  0.55 
Two g r i d  o p t i c s  . . . . . . . . . . . . . . .  0 . 5 5  t o  0.9 
I o n  e x t r a c t i o n :  
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o f  t h e  p r o p e l l a n t  f low r a t e  and exhaust  v e l o c i t y .  T h i s  paper  p r e s e n t s  v a l u e s  o f  
demonstrated and p r o j e c t e d  per formance o f  h i g h  power i o n  t h r u s t e r s  used i n  an 
a n a l y s i s  o f  e l e c t r i c  p r o p u l s i o n  f o r  an SP-100 based m i s s i o n .  
One p o s s i b l e  m a j o r  m i s s i o n  
E l e c t r i c  p r o p u l s i o n  
N u c l e a r  e l e c t r i c  p r o p u l s i o n  
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